The statistics of gravitationally lensed quasars with multiple images in the range have been 0A .1È7A measured in various surveys. Little is known, however, about lensed-quasar statistics at larger image separations, which probe masses on the scale of galaxy clusters. We extend the results of the Hubble Space Telescope (HST ) Snapshot Survey for Lensed Quasars to the 7AÈ50A range for a subsample of 76 quasars that is free of known selection e †ects. Using a combination of multicolor photometry and spectroscopy, we show that none of the point sources in the entire Ðeld of view of the HST observations of these quasars are lensed images. Large-separation quasar lensing is therefore not common. We carry out a detailed calculation of the expected statistics of large-separation lensing for this quasar sample, incorporating realistic input for the mass proÐles and mass function of galaxy clusters. We Ðnd that the observational null results are consistent with the expected e †ect of galaxy clusters, even if these have existed in their present form and number since z D 2 (and certainly if they were formed more recently). The rarity of large-separation lensed quasars can rule out some extreme scenarios, e.g., that the mass function of clusters has been severely underestimated or that large mass concentrations that are not associated with galaxies (i.e., "" failed ÏÏ clusters) are common. The rareness of cluster lensing also sets limits on the cosmological constant j that are independent of limits derived from galaxy lensing. The lensing frequency depends strongly on the central density of clusters. The lensing statistics of larger quasar samples (e.g., the Sloan Digital Sky Survey) can probe the structure, number, and evolution of clusters, as well as the geometry of space.
INTRODUCTION
The statistics of gravitational lensing can provide a powerful probe of the geometry and the mass content of the universe out to large redshifts (e.g., & Refsdal 1964 ; Press Gunn Ostriker, & Gott Ðrst explored 1973) . Turner, (1984) lensing probabilities due to galaxies and the resulting image separation distributions. The Hubble Space Telescope (HST ) Snapshot Survey for lensed quasars et al. was the Ðrst such large 1992, 1993a, 1993b) survey of a well-deÐned sample of 498 quasars. Exploiting the angular resolution of HST , it showed that about 1% of luminous quasars at z [ 1 are gravitationally lensed into multiple images with separations in the range. 0A . 1È7A Maoz & Rix used the Snapshot Survey results to demon-(1993) strate that early-type galaxies must have, on average, dark massive halos similar to those of spiral galaxies and that the geometry of the universe is not dominated by a cosmological constant j, setting an upper limit of j \ 0.7. Ground-based surveys of 360 additional quasars and their analysis (see and references therein) have Kochanek 1996a conÐrmed these results.
While the statistics of gravitationally lensed quasars with multiple images in the angular range expected because of galaxy lensing have been probed by the Snapshot and other surveys, little is known about lensed-quasar statistics at larger image separations, which probe masses on the scale of galaxy clusters. Among the optical surveys for lensed quasars, Filippenko, & Tang searched for faint Yee, (1993) companions out to 10A, but follow-up observations of the candidates are incomplete above 7A. Falco, & Kochanek, Schild have reported work in progress on a search (1995) out to 12A separations, but most of the large separation candidates have yet to be rejected. Furthermore, most of the quasars in both of these surveys were discovered in objective prism surveys and are therefore biased against the presence of faint companions (see below and
The JVAS°2). et al.
and CLASS surveys for (King 1996) (Myers 1996) lensing among radio quasars have the potential to uncover large numbers of lensed quasars, in samples free of the many selection e †ects that can plague optical samples. These surveys have not reported to date any large-separation lenses (nor any general statistical results), but it is unclear whether separations above 6A have been probed by them. Furthermore, the interpretation of the results of radio surveys is presently hindered by the poor knowledge of the radio-quasar luminosity function At (Kochanek 1996b) . present, there are no conÐrmed cases of quasar splitting with separations above 7A.5 & White et al. Narayan (1988) , Cen (1994) , Wambsganss et al. and & Primack (1995) , Kochanek (1995) , Flores (1996) have all compared large-scale structure formation models to the observed statistics of large-separation lensed quasars. However, the statistics utilized were the known lensed quasars in published catalogs, which are basically literature compilations. As emphasized by most Kochanek (1995) , quasars found in quasar surveys are near the faint detection limits of the surveys. The surveys will therefore generally not Ðnd faint lensed images of a given quasar, unless the two et al. recently suggested that PC 1643]4631A and B 5 Saunders (1997) (198A separation) are images of a single quasar lensed by a massive z D 1 cluster, despite the fact that there is a small redshift di †erence in the spectra. Our results in the present work suggest that lensing with such image separations in highly unlikely.
images are close in brightness.
estimates Kochanek (1995) that the completeness level of the catalogs, in terms of largeseparation lenses, is only 20%. Furthermore, Gould, Bahcall, & Maoz have shown that quasar surveys (1993) using spectroscopic selection methods are biased against quasars having stars nearby in projection. Presumably, the same bias operates against neighboring lensed images and would further select against inclusion of lensed quasars in the catalogs. There is therefore a possibility that largeseparation lensing is more common than assumed and that many such lensed quasars have been missed.
In the Ðrst part of this paper, we present the results of the Ðrst extensive survey for large-separation lensed quasars among known quasars. We use multicolor photometry and spectroscopy to test whether each of the point sources in the entire 70A ] 70A Ðeld of view of the HST Planetary Camera (PC) exposures of 76 quasars in the original Snapshot Survey could be lensed images of the quasars. In the second part of the paper, we carry out a calculation of the expected lensing statistics for this particular sample and its observational parameters. The calculation follows closely that of & Rix and et al. for small-Maoz (1993) Rix (1994) separation lensing by galaxies, with galaxy clusters playing the previous role of galaxies. In addition to including e †ects such as magniÐcation bias and observational detection limits, our calculation uses a realistic cluster mass proÐle that is motivated by N-body simulations (Navarro, Frenk, & White and observations et al. 1995 (Carlberg and is consistent with the existence of "" radial arcs ÏÏ in 1997) clusters
The choice of mass proÐle is (Bartelmann 1996). important, since cluster lensing calculations are sensitive to the presence of a core versus a singular proÐle (e.g., Flores & Primack 1996). found that quasars discovered by spectroscopic (1993) means (e.g., objective prisms) tended to "" avoid ÏÏ foreground stars out to separations of 40A. The reason for this is unclear.
SAMPLE AND OBSERVATIONS
The same selection e †ect may operate on lensed images of the quasar, such that spectroscopically selected quasars are less likely to be lensed at separations above several arcseconds. et al. deÐned an "" unbiased ÏÏ sample of Gould (1993) 166 quasar Ðelds in which the quasar was discovered by nonspectroscopic means (color-excess, radio, X-rays). For the present study, we have chosen from among the unbiased sample the 88 quasars in the anticenter Galactic hemisphere (i.e., 90¡ \ l \ 270¡, where l is Galactic longitude). By looking only at quasars in the anticenter hemisphere, we greatly reduce the number of stars that have to be checked to see if they are lensed images.
There are no point sources in the Ðelds of 29 of the anticenter quasars, so these automatically pass the test for not being lensed (within the detection limits and the Ðeld of view probed by a given exposure). In nine additional quasar Ðelds, the only other sources present are signiÐcantly brighter than the quasar. If they were lensed images of the quasars, then they would have been identiÐed as such by the original surveys. (This is not necessarily true of X-ray surveys, which may have poor angular resolution. However, the only objects around an X-ray selected quasar that were rejected based on this criterion are two V D 12 mag stars near the V D 18 mag quasar 0438[166.) We carried out V and I CCD photometry of the quasars and the point sources fainter than them in the remaining 50 quasar Ðelds. Useful measurements were obtained for 38 of the Ðelds. This leaves us with an observed sample of 76 quasars.6 The 76 quasars and their parameters are listed in Table 1 .
The V and I observations were made on 1993 March 4È9 at the Kitt Peak National Observatory (KPNO) and on 1993 September 5È10 at the Cerro Tololo Inter-American Observatory (CTIO). Both runs used Tektronix 1024 ] 1024 pixel CCDs at the Cassegrain focus of 0.9 m telescopes.
standards were observed Landolt (1992) throughout the nights. Conditions were photometric, with a scatter of less than 0.03 mag around the Ðts to the Landolt magnitudes. The ground-based V and I magnitudes of each point source appearing in the HST exposures were measured using the DAOPHOT point-source function (PSF) Ðtting routine within Errors were (Stetson 1987) IRAF.7 calculated by combining in quadrature the error in the photometric solution, as determined from its covariance matrix, the scatter around the photometric error, and the DAOPHOT PSF-Ðtting error.
The V magnitude and V [I color of each quasar and faint point source in the Ðelds of the unisolated quasars is listed in
The Ðrst line for each Ðeld gives the results Table 2 . for the quasar in the Ðeld, and the subsequent lines for the stars. Positions of the stars are given in et al. Gould (1993) . The V [I uncertainty listed in does not include the Table 2 absolute photometric calibration error, since this error cancels out in the di †erence between the V [I color of a quasar and a star observed in the same CCD frame.
From a comparison of V [I colors between each quasar and its neighboring objects, we can reject all stars in the Ðelds of 26 quasars as candidate lensed images. The star near one quasar, 0024]22, can be rejected as a lensed image based on the absence of a radio counterpart (Condon et al.
as described in et al.
The remain-1981), Maoz (1993b) . ing 14 stars around 11 quasars have a color di †erence between star and quasar of *(V [I) \ 0.3 mag. Since such color di †erences among lensed images are possible because of di †erential reddening in the di †erent light paths, these cases were kept for further testing. We measured B and V magnitudes for these remaining candidates on 1994 November 11 and 12 at the Wise Observatory 1 m telescope with a Tektronix 1024 ] 1024 back-illuminated CCD. The reduction and calibration was as for the KPNO and CTIO 6 A slight bias is introduced here, since isolated quasars are automatically included in the sample, whereas some quasars surrounded with point sources are excluded. The bias could be corrected by eliminating from the sample a corresponding number (seven) of the isolated quasars. This would reduce the sample and the lensing predictions for it by 10%, not a †ecting any of our conclusions.
7 IRAF (Image Reduction and Analysis Facility) is distributed by the National Optical Astronomy Observatories, which are operated by Aura, Inc., under cooperative agreement with the National Science Foundation. observations described above. The B[V colors are given in Table 2 .
If a V [I color di †erence between lensed images is due to di †erential reddening, then the expected B[V color di †erence among the images will be * 1985) . greater (after accounting for all the measurement errors) than expected from *(V [I) and reddening, we excluded eight of these stars, leaving six point sources in the Ðelds of six quasars, each having both V [I and B[V colors similar to the quasar in their Ðeld. Spectra were obtained for these six sources at the Multiple Mirror Telescope (MMT) on 1995, November 25È27, using a 1200 lines mm~1 grating, covering 4500 to 6000 at 2 resolution. The spectra show A A that all six are foreground stars. They are marked as such in the right-hand column in Table 2 .
We have thus demonstrated that none of the point sources detected in the PC Ðeld of view of 76 unbiased Snapshot Survey quasars in the anticenter hemisphere are lensed quasar images.
CALCULATION OF LENSING BY CLUSTERS

Algorithm
We have carried out a calculation of the expected number and distribution in angular separation of lensed quasars due to the e †ects of intervening galaxy clusters. Our calculation follows closely that of & Rix BrieÑy, for Maoz (1993) . a given observed quasar and a particular lens (i.e., a cylindrically symmetric cluster of a particular redshift and mass) we Ðnd the "" critical radius ÏÏ inside which lensing into multiple images occurs. For every impact parameter inside this radius, we calculate the three image positions and their magniÐcations. We weight the image distribution for the particular lens according to the magniÐcation bias, the cross section for lensing at that redshift, the number density of clusters of that mass, and the volume of space included in a redshift interval. We then integrate numerically the image distributions over grids in cluster mass and redshift (from z \ 0 to z of the quasar), to obtain the probability that a given quasar in the sample is lensed, as a function of image separation. We weight this distribution for each quasar according to the detection efficiency as a function of image separation. These probability distributions are calculated for every quasar in the sample and added, to give the expected number and distribution in image separation of lensed quasars in the survey. We provide more details below, with emphasis on places where the calculation di †ers from & Rix Maoz (1993) . 
Cluster Mass ProÐle
To model the mass proÐle of galaxy clusters, we have used the radial mass density function, (1995, 1996, 1997 ) that this mass proÐle describes well the dark matter halos produced in cosmological N-body simulations for a variety of initial density Ñuctuation spectra. et al.
Carlberg
(1997) have shown recently that this proÐle describes well the galaxy number density in 14 out of 16 high-luminosity X-ray clusters. Note that at its center, the proÐle is singular, with o P r~1. It is thus intermediate between the two types of mass proÐles that have been considered in previous works on cluster lensing statistics, the singular isothermal sphere models, where o P r~2, and models with a core, where o Ñattens to a constant at the cluster center. It is similar at small radii to the Hernquist proÐle, o P r~1(r ] a)~3, considered by & Primack Flores (1996) , but falls o † more gently at large radii. Bartelmann (1996) has shown that the mass proÐle of can produce equation (1) radially distorted images of background sources, so-called radial arcs, whose existence were previously thought to indicate cores in galaxy clusters. & Primack Flores (1996) have shown that, if clusters have large cores, then the number of large-angle splittings is greatly reduced, even in cosmological models with excessive large-scale structure (e.g., standard cold dark matter [CDM]). They have argued that large-separation lensing is therefore not a sensitive probe of large-scale structure. BartelmannÏs demonstration that clusters with a central density singularity can produce radial arcs renews the possibility that such clusters are efficient splitters of background quasars and hence useful probes of large-scale structure and its evolution. Indeed, for small enough values, the proÐle in is e †ecr s equation (1) tively o P r~3. For a given total mass within some radius, it can then lens even more efficiently than the singular isothermal o P r~2 proÐle that has been considered in most previous studies. In view of the results of Navarro et al., Carlberg et al., and Bartelmann, we consider to equation (1) be one of the more realistic cluster mass proÐles.
For our lensing calculations, we have used the expressions given by for the mass m(x) enclosed Bartelmann (1996) within a cylinder of radius x. The bending angle of a light ray passing the cluster at impact parameter x, and hence the image positions and magniÐcations, are determined by m(x)/x and its derivative (see, e.g., & Rix The Maoz 1993). 
where h is the Hubble constant in units of 100 km s~1 Mpc~1. The index c varies among cosmological models between (CDM) to c D 1 (for a model with initial c D 1 3 density Ñuctuation power spectrum of power-law form with index n \ 0). When c is large, low-mass clusters have dense central regions and can become efficient lenses.
Observational Detection L imits
As in & Rix we have incorporated the Maoz (1993), detection limits for multiple images for each quasar into the calculation. In & Rix the detection limits Maoz (1993), included the angular resolution limit for detection of images with a given brightness ratio, and the Ñux limit of the exposure. In the present work, we have also included the incompleteness of the survey at large angular separations due to the positioning of the quasar on the PC Ðeld of view. For technical reasons, the quasar was generally not in the center of the PC Ðeld of view. The angular range from 0AÈ70A was therefore covered with a varying degree of completeness for each angle and each quasar. For every quasar, the lensing probability distribution at angle h was scaled by a factor equal to the fraction of a circle, of radius 2nh with center at the quasar position, that is within the PC Ðeld of view. The position of each quasar on the PC is given in See Table 1 . et al.
for more details on the PC observations. Maoz (1992) The e †ect of this angular selection function on the completeness of the survey is examined in°4.
MagniÐcation Bias
The magniÐcation bias is the overrepresentation of lensed quasars in a Ñux-limited quasar sample due to the facts that lensing increases the apparent brightness of a quasar and that there are more faint quasars than bright ones. The magniÐcation bias is calculated as in & Rix Maoz (1993) , with the probability P(A) for magniÐcation by a factor A calculated for the cluster lenses under consideration here.
We 
Cluster Mass Function and Evolution
To represent the number density of clusters of a given mass, we have used the observational results of the number of clusters per comoving volume element does not evolve between z \ 0 and the redshift of the quasar (typically z D 2), i.e., the number density at z is n(z) \ & Primack show that the non 0
(1 ] z)3. Flores (1996) evolution assumption is a reasonable approximation to the numerical CDM calculation of et al. and occurs Cen (1994) because a cluster-sized perturbation is already virialized inside a radius of 200(v/1000 km s~1) h~1 kpc by z \ 3. It is the inner parts of the cluster that determine the lensing statistics. In non-CDM models, clusters may form more recently, and one would expect that at higher z values there are fewer clusters and/or the mass in clusters is less concentrated. However, we Ðnd that even with the simplistic assumption of no evolution, the expected number of largeseparation lensed quasars in the survey is generally less than 1, and hence consistent with the observed null result. Clearly, incorporation of recent cluster formation would further lower the prediction. More details on the results and their dependence on the input parameters are given below.
RESULTS AND DISCUSSION
We have calculated the number of lensed quasars we expect to detect in our sample as a function of image separation for a variety of combinations of the input parameters of clusters.
shows the expected distribution for a par- Figure 1 ticular choice of parameters. Also shown is the distribution that would result if the angular selection function resulting from the positioning of the quasar on the PC did not exist. We see that the angular selection function does not seriously impair our ability to detect lensed quasars and has some e †ect only at the largest ([30A) separations. The total number of expected lensed quasars above 7A separation in this particular model is 0.032 (0.041 without the angular selection function), consistent with our null result.
Although the clusters produce lensed quasars with separations smaller than 7A also, comparison to the observations in the 0AÈ7A range is complicated because lensing with such separations is produced by galaxy lenses as well. A case in point is the lensed quasar 0957]561, with 6A .1 image separation. It was not observed with HST because it was previously known to be lensed, but, in principle, it is part of the Snapshot sample (see et al. . is radio discovered and in the anticenter hemisphere, it would be included in the present sample as well. However, a cluster and a galaxy both play a signiÐcant role in lensing this quasar. It would therefore be unclear whether or not it counts as one detection when comparing to the predictions of lensing by clusters. By comparing models and observations only for separations greater than 7A, we restrict ourselves to lensing by clusters alone.
Since it
A free parameter in our calculation is c, the power-law index relating the scale radius to the total cluster mass r s et al.
predict that c varies between (eq. [2]). Navarro (1997) cosmological models in the range of to 1. Among the 1 3 input parameters, the total number of lensed quasars is, by far, most sensitive to c. A large c value gives low-and intermediate-mass clusters a large central density, turning them into efficient lenses.
shows the lensing dis- Figure 2 tribution on a logarithmic scale for various values of c. The models with produce >1 lensed quasars in our c [ 0.7 sample. These models are therefore consistent with our observed null result, even if the other input parameters, such as the number density of clusters or the mass of an M* cluster have both been underestimated by an order of magnitude.
On the other hand, models with c D 1 produce about one expected lens for the "" standard ÏÏ input parameters (the & Cen mass function and an EinsteinÈde Bahcall 1993 Sitter ) \ 1 cosmology). Models predicting three (4.5) or more lenses can be rejected at greater than 95% ( [ 99%) conÐdence based on Poisson statistics. Factors of a few in the predicted number of lenses can result from mild changes in the parameters of the mass function (which is empirically not well constrained) or the cosmology (e.g., lowering ) or introducing a cosmological constant j will raise the prediction). Some models with high c values and various combinations of the other parameters can therefore be rejected.
shows the dependence of the lensing distribution mean image separation of lensed quasars both increase with M*. At higher c values (not shown), the total number of lensed quasars is insensitive to M*, and only the centroid of the distribution shifts slowly with M*. This occurs because, for large c, the more massive clusters that are introduced by raising M* have large scale lengths and so do not lens e †ectively.
The parameter plane of c and M* is shown in Figure 4 , which gives the total number of predicted lensed quasars with greater than 7A separation for combinations of these parameters. ) \ 1 and the & Cen value of Bahcall (1993) n(M*), the number density of M*-mass clusters, are assumed. Increasing n(M*) would increase the number of lensed quasars by the same proportion. We see that if c is FIG. 4 .ÈTotal number of lensed quasars with greater than 7A separation expected for combinations of c, the index of the power-law relating cluster scale length to mass, and M*, the cuto † mass in the cluster mass function. The & Cen value for M* is 2 ] 1014 h~1 Bahcall (1993) M _ . ) \ 1 is assumed ; lowering ) to 0 approximately doubles the predicted number of lensed quasars. Models predicting º3 (º4.5) lenses can be rejected at 95% (99%) conÐdence. large, then the number density of clusters cannot be much above the & Cen estimate, or some lensed Bahcall (1993) quasars would have been found in the survey. A great advantage of gravitational lensing is that it probes mass, rather than light. The above result therefore also shows that, unless c is small, there cannot be a large population of "" failed clusters,ÏÏ i.e., dark halos not containing clusters of galaxies. The predicted number of lensed quasars approximately doubles when going from a Ñat ) \ 1 to an open ) \ 0 model. Low-density open models with c D 1 predict more than three lenses and thus are inconsistent with the data.
Because dense, low-mass clusters can be efficient lenses, introducing a lower mass cuto † at 1013 in the cluster M _ mass function (see greatly reduces the lensing predic-°3.5) tion. For example, in a c \ 0.8 model, the expected lensing distribution decreases by a factor of about 30 below 10A and by a factor of about 4 above 10A, so the total expected number of lensed quasars decreases by about a factor of 15. For c \ 0.67 (i.e., low-mass clusters are not so dense) the distribution decreases by a factor of about 2 below 10A but is unchanged above 10A.
Finally, high-c models in a Ñat universe dominated by a cosmological constant can also be ruled out. This is shown in displaying the j-c plane. For example, a model Figure 5 , with c \ 1 and j \ 0.7 produces over Ðve lensed quasars in our sample. This limit on j is independent of the limits that have been derived based on small-separation quasar lensing by galaxies & Turner & Rix (Fukugita 1991 ; Maoz 1993 ; & Peebles and Kochanek 1996a) . Fukugita (1993) Rhoads, & Turner have suggested that Malhotra, (1997) small-separation lensing statistics can be reconciled with a j-dominated universe by invoking dust in the lensing galaxies. The excess number of lensed quasars would then be hidden by extinction. This argument is not applicable to lensing by clusters.
has shown that rich clus- Maoz (1995) FIG. 5.ÈSame as but for combinations of c and j, the cosmo- Fig. 4 , logical constant in dimensionless form, for Ñat () ] j \ 1) cosmologies. High-j models in which low-mass clusters have large central mass concentration (i.e., high c) produce several large-separation lenses and can be rejected.
ters do not signiÐcantly redden quasars that are behind them. A similar demonstration has been made for poorer clusters by & Hawkins Conversely, if the Williams (1996) . dependence of cluster scale length on cluster mass is weak (i.e., if c is small), or if there is a signiÐcant decrease in the number of clusters between now and z D 2, or if there is a gap in the halo mass function between masses of approximately 1012È1013 then a j-dominated universe is M _ , allowed by the present large-separation lensing statistics. Indeed, according to the simulations of et al. Navarro j and c appear to be coupled in the sense that a high (1997), j value produces a low c value. In the one j-dominated Ñat model they calculate, with j \ 0.75, c B 1 3 . Because of the smallness of this Ðrst large-separation sample, we have limited the range of models we have examined and avoided complications such as evolution in cluster number and structure. Upcoming surveys, such as the Sloan Digital Sky Survey, will detect and test orders of magnitude more quasars for lensing by galaxies and clusters. If c is small, then we predict that even these surveys will Ðnd no examples of large-separation lensed quasars. If, on the other hand, clusters have dense centers, then many such lenses will be found. Their detailed statistics can then serve as a valuable probe of the structure, number, and evolution of galaxy clusters, and of the geometry of the universe.
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